One of the critical steps in the progression to cervical cancer appears to be the establishment of persistent human papillomavirus (HPV) infection. We have demonstrated that the lack of cytotoxic T-lymphocyte response to HPV type 16 (HPV 16) E6 protein was associated with persistence and that the potential presence of dominant CD8 T-cell epitopes was most frequently found (n ‫؍‬ 4 of 23) in the E6 16-40 region by examining the pattern of CD8 T-cell epitopes within the E6 protein in women who had cleared their HPV 16 infections. The goal of this study was to define the minimal/optimal amino acid sequences and the HLA restricting molecules of these dominant CD8 T-cell epitopes as well as those of subdominant ones if present. Three dominant epitopes, E6 29-38 (TIHDIILECV; restricted by the HLA-A0201 molecule), E6 29-37 (TIHDIILEC; restricted by B48), and E6 31-38 (HDIILECV; restricted by B4002), and one subdominant epitope, E6 52-61 (FAFRDLCIVY; restricted by B35) were characterized. Taken together with a previously described dominant epitope, E6 52-61 (FAFRDLCIVY; restricted by B57), the CD8 T-cell epitopes demonstrated striking HLA class I binding promiscuity. All of these epitopes were endogenously processed, but the presence of only two of the five epitopes could have been predicted based on the known binding motifs. The HLA class I promiscuity which has been described for human immunodeficiency virus may be more common than previously recognized.
Cervical cancer is the second most common cancer among women worldwide (CANCERMondial [http://www-dep.iarc .fr/], 2005). The association between human papillomavirus (HPV) infections, most commonly HPV type 16 (HPV 16) , and the development of cervical cancer has been well described (46) . However, the exact mechanisms leading from HPV infection to malignancy are not well understood. One of the critical steps in the progression to cervical cancer appears to be the establishment of persistent infection. Epidemiologic evidence suggests that over 90% of women are able to clear their HPV infections, including the oncogenic HPV 16 type. The remaining women whose HPV infections persist are at risk for the development of invasive cancer. The E6 and E7 proteins of high-risk HPV types are expressed early after infection and are known to mediate cell transformation by interacting with products of cellular human tumor suppressor genes. The E6 protein can bind and promote degradation of cell-encoded p53, while the E7 protein interacts with the retinoblastoma susceptibility gene product (7, 18, 32, 36, 37, 41) . In a longitudinal study using multiple chromium release assays, we found that detectable responses to HPV 16 E6 were more common in those women who cleared their HPV 16 infections than in women who had viral persistence. Interestingly, no association was found for E7 (29) . Furthermore, we examined the pattern of HPV 16 E6 CD8 T-cell epitopes recognized by women who had evidence of HPV 16 clearance (27) . Among 23 women with evidence of HPV 16 clearance, we found evidence of potential antigenic CD8 T-cell epitopes in 8 women, and there was a propensity of finding these epitopes in the N-terminal half of the E6 protein.
Among these women, the presence of dominant epitopes was found most commonly (n ϭ 4) in the E6 16-40 region. The goal of this study was to characterize the dominant T-cell epitopes in this region by defining their minimal and optimal amino acid sequences and their restriction HLA molecules. Subdominant epitopes from the same subjects, if present, were also described. A method previously used to describe the E6 52-61 epitope (FAFRDLCIVY) restricted by the HLA-B57 molecule from one of the subjects was used (26) . Here, we describe three new endogenously processed T-cell epitopes of the HPV 16 E6 protein, E6 29-37 (TIHDIILEC; restricted by HLA-B48), E6 31-38 (HDIILECV; restricted by HLA-B4002), and E6 52-61 (FAFRDLCIVY; restricted by HLA-B35). In addition, E6 29-38 (TIHDIILECV), restricted by HLA-A0201, was described, but this epitope has been previously reported by other investigators (19, 33) . These five CD8 T-cell epitopes identified in the HPV 16 E6 protein demonstrate striking HLA class I binding promiscuity and are found in either the E6 29-38 region (HLA-A0201, -B48, and -B4002 restricted) or the E6 52-61 region (HLA-B35 and -B57 restricted).
MATERIALS AND METHODS
Subjects. The generation of CD8 T-cell lines and enzyme-linked immunospot (ELISPOT) assays to examine the pattern of CD8 T-cell epitopes, in women who were able to clear their HPV 16 infections, have been described previously (27) . The CD8 T cells from subjects who demonstrated the potential presence of dominant epitopes in the HPV 16 E6 16-40 region were characterized further. The study protocol was approved by the University of California at San Francisco Committee on Human Research and by the Institutional Review Board of the University of Arkansas for Medical Sciences.
HLA typing. HLA class I typing was performed at the University of California at San Francisco Immunogenetics Laboratory or at the University of Arkansas for Medical Sciences HLA Laboratory using peripheral blood lymphocytes (PBL) or an Epstein-Barr virus (EBV)-transformed B-lymphoblastoid cell line (LCL). A serological method or PCR sequence-specific amplification (PCR-SSP) methods was used. High-resolution HLA class I A, B, and/or C locus typing, by sequencing or by PCR-SSP, was also performed whenever necessary.
Peptides. Overlapping 9-mer peptides (overlapping by 8 amino acids) and 15-mer peptides (overlapping by 10 amino acids) covering the entire HPV 16 E6 protein were described previously (26) . Additional HPV 16 E6 peptides (7-mers, 8-mers, 10-mers, and 11-mers) were synthesized as necessary to define the minimal and optimal amino acid sequences of the CD8 T-cell epitopes. The purity of peptides ranged from 70% to 99%. The amino acid sequences of all peptides were derived from the HPV 16 German prototype (38) .
Magnetic selection of IFN-␥-secreting cells to isolate T-cell clones. To isolate T-cell clones recognizing the E6 antigenic epitope from subjects 5, 7, and 15, their CD8 T-cell lines were stimulated as described previously (27) for two additional 7-day cycles, so that the frequency of targeted T-cell clones would be above the threshold of selection (approximately 0.1%). The peptide-specific T cells were positively selected using the gamma interferon (IFN-␥) secretion assay enrichment kit, according to the manufacturer's instructions (Miltenyi Biotec), after stimulating cells with 10 M of each peptide contained in the positive peptide pools (Table 1) . Selected cells were plated at a concentration of 0.5 cells per well in the presence of a 0.5ϫ feeder cell mixture (Yssel's medium containing 1% pooled human serum, penicillin G [100 units/ml], streptomycin [100 g/ml], 5 ϫ 10 5 /ml irradiated allogeneic PBL, 5 ϫ 10 4 /ml irradiated JY cells, and 0.1 g/ml phytohemagglutinin [PHA]). Control wells for growth contained 1 to 1,000 cells per well. On day 5, 100 l of Yssel's medium containing 20 U/ml of recombinant interleukin-2 was added to each well. Growing microcultures were transferred to 24-well plates containing 1 ml of a 1ϫ feeder cell mixture per well (Yssel's medium containing 1% pooled human serum, penicillin G [100 units/ ml], streptomycin [100 g/ml], 1 ϫ 10 6 /ml irradiated allogeneic PBL, 1 ϫ 10 5 /ml irradiated JY cells, and 0.1 g/ml PHA). Although the limiting-dilution technique described here is a standard method of isolating T-cell clones, a formal analysis of clonality of these T-cell clones using a molecular method was not performed.
ELISPOT assays for screening of T-cell clones. The ELISPOT assay method described by Larsson and colleagues was used with minor modifications (23) . Briefly, a 96-well plate (Millititer; Millipore, Bedford, MA) was coated with 5 g/ml primary anti-IFN-␥ monoclonal antibody (Mabtech, Stockholm, Sweden) and stored at 4°C overnight. The plate was then washed four times with phosphate-buffered saline (PBS) and blocked using RPMI 1640 plus 5% pooled human serum for 1 h at 37°C. Fifty to 100 l of culture medium containing the T-cell clones was collected, and the cells were washed, resuspended with RPMI 1640 with 5% pooled human serum, and divided into a single well at the same position in replicate plates. One hundred thousand autologous LCL cells were also added to all wells. PHA at 10 g/ml was added as positive control in one well, and no T-cell clone cells were added to another well (negative control). One 15-mer peptide (10 M) of the positive peptide pools (three peptides in each pool) was added to each plate along with the last plate, to which only medium was added (no-peptide negative control). For some subjects with multiple positive peptide pools, the pools were used per plate to screen the T-cell clones in order to reduce the number of ELISPOT plates. After a 20-h incubation at 37°C, the plate was washed four times with PBS plus 0.05% Tween 20. A total of 50 l of secondary antibody (1 g/ml biotin-conjugated anti-IFN-␥ monoclonal antibody; Mabtech) was added, and the plate was incubated for 2 h at 37°C. The plate was then washed four times with PBS plus 0.1% Tween 20. Avidin-bound biotinylated horseradish peroxidase H (Vectastain Elite kit; Vector laboratories, Inc., Burlingame, CA) was added for 1 h at 37°C. After four washings with PBS with 0.1% Tween 20, stable diaminobenzene (Research Genetics, Huntsville, AL) was added to develop the reaction. The plates were washed with deionized water three times and air dried overnight. Spot-forming units were counted using an automated ELISPOT analyzer (Cell Technology, Inc., Jessup, MD).
ELISPOT assays to characterize the CD8 T-cell epitopes. To assess whether the T-cell clones recognize endogenously processed antigen, autologous LCLs infected with recombinant vaccinia virus expressing HPV 16 E6 (E6-vac) at a multiplicity of infection (MOI) of 10 were used as antigen-presenting cells (APC) in ELISPOT assays. In later experiments, an MOI of 5 was used since other experiments have shown little difference in the numbers of spot-forming units with an MOI of 5 or 10 (K. H. Kim, W. Greenfield, E. Shotts, and M. Nakagawa, submitted for publication). The wild-type virus, Western Reserve (WR), and recombinant vaccinia virus expressing HPV 16 E7 (E7-vac), if available, were used as the negative controls. Autologous LCL cells were washed twice using RPMI 1640 with 1% pooled human serum, and appropriate amounts of virus were added to the respective tubes. The tubes were incubated at 37°C for 1 h with mixing every 20 min. One thousand cells from each T-cell clone were plated per well along with 1 ϫ 10 5 infected autologous LCL cells in duplicates or triplicates. Otherwise, the ELISPOT assays were carried out as described above.
The standard approach used to define the minimal and optimal peptide antigen epitope was to determine which of the three 15-mers was positive in each positive peptide pool and then to test seven overlapping 9-mer peptides contained within the positive 15-mer peptide. Typically only one of the seven 9-mer peptides happened to be positive, and the testing of two 10-mers containing the 9-mer and two 8-mers within the 9-mer followed. All peptides were used at a concentration of 10 M, and 1 ϫ 10 3 cells from each T-cell clone along with 1 ϫ 10 5 autologous LCL cells were plated to each well. The minimal and optimal peptide was defined as the shortest peptide which was able to elicit the highest number of spot-forming units. When there was an uncertainty as to which peptide may be minimal and optimal, the candidate peptides were serially diluted (10 Ϫ5 M to 10 Ϫ10 M) and the shortest peptide with more spot-forming units at the lower concentrations of the peptide was determined to be minimal and optimal. If the antigenicity was determined to be equivalent among multiple peptides with the limiting-dilution experiments, the shortest peptide was designated as "the minimal peptide among equally effective peptides".
ELISPOT assay and chromium release assay for identifying the restricting HLA class I molecules. The putative restricting HLA class I molecule was identified using allogeneic LCLs sharing one or a few class I molecules by an ELISPOT assay in such a manner that all of the subjects' HLA class I molecules (A, B, and C) were examined. An autologous LCL was used as a positive control. One thousand T-cell clone cells, 1 ϫ 10 5 allogeneic LCL cells, and the antigenic peptide were plated in triplicates, and the assay was otherwise performed as described above. High background spot-forming units were previously observed (26) , likely due to HLA molecules on the surface of the T-cell clones being able to present the peptides to each other. Therefore, the chromium release assays were performed to confirm the ELISPOT results using multiple allogeneic LCLs expressing the putative restricting HLA class I molecule. The LCLs were pulsed with 10 M of a given peptide antigen. The cells were radiolabeled using 100 Ci sodium chromate (Na 2 51 CrO 4 ) and incubated with the peptide. After a washing, the cells were plated in triplicates in 96-well plates at 3 ϫ 10 3 cells per well. Effector cells were added at multiple effector/target cell ratios. The plated cells were pelleted by centrifugation and then incubated for 5 h at 37°C in a humidified 5% CO 2 incubator. The supernatants were harvested using a Skatron harvesting press, and the chromium-51 was counted using a gamma counter (Packard Instruments, Meriden, CT). Percent specific lysis was calculated as described previously (28) .
Fluorescence-activated cell sorter analysis. The T-cell clones were stained for surface markers with anti-CD4-anti-CD8 and anti-CD3-anti-CD16 (Caltag, Burlingame, CA) and analyzed using FACSCalibur (Becton Dickinson Immunocytometry Systems, San Jose, CA) or Coulter EPICS XL-MLC flow cytometer (Beckman Coulter, Fullerton, CA). Table 1 shows the patterns of possible HPV 16 E6 CD8 T-cell epitopes in the four subjects being studied. The frequencies of T cells specific for the potential dominant epitopes were 0.05%, 0.02%, 0.04%, and 0.05% of CD8 T cells for subjects 5, 7, 15, and 20, respectively (27) . Cells of the CD8 T-cell lines (2 ϫ 10 6 to 7.1 ϫ 10 6 cells per subject) were used for magnetic selection, and the yields of a X, strongest T-cell response for a given subject; x, subdominant T-cell response for a given subject.
RESULTS

Screening of CD8 T-cell clones.
b Each region contains three 15-mer peptides overlapping by the central 10 amino acids.
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IFN-␥-positive cells were 0.21%, 2.7%, 0.46%, and 0.52%, respectively. One-half or all of the IFN-␥-positive cells were used for limiting dilution, and 95 to 400 T-cell clones per subject that grew well were expanded in 24-well plates 2 weeks after limiting dilution. Ninety-four to 188 T-cell clones were screened using the IFN-␥ ELISPOT assay, and most or all of T-cell clones that demonstrated higher numbers of spot-forming units with a peptide or a peptide pool compared with the no-peptide control were retested with individual 15-mer peptides (data not shown) and with the E6-vac-infected autologous LCL (Fig. 1) . For subject 7, 10 (#12-7, #17-7, #25-7, #38-7, #40-7, #45-7, #59-7, #62-7, #65-7, and #83-7) of 10 T-cell clones positive for the E6 16-40 region in the screening ELISPOT (Fig. 1a) . For the E6 46-70 region, 6 (#3-7, #15-7, #20-7, #41-7, #54-7, and #86-7) of 6 T-cell clones were positive for the E6 51-65 15-mer peptide (data not shown) and 6 of 10 T-cell clones were positive for the E6-vac-infected autologous LCL (Fig. 1b) . For subject 15 Minimal and optimal amino acid sequences of the CD8 T cell epitope. To characterize subject 7's dominant epitope within the E6 26-40 region, seven 9-mers, two 8-mers, two 10-mers were tested (Fig. 2a) . Of the 9-mers, only the E6 30-38 peptide was positive for clones #12-7 and #59-7. The two 8-mers tested, E6 29-36 and E6 30-37, also demonstrated recognition by clones #12-7 and #59-7. For clone #40-7, only a small difference was detected between the PHA-positive control and the no-peptide negative control. Since this is likely to be due to the poor condition of the T-cell clone on the particular day, the experiment was repeated for clone #40-7 (data not shown). The highest number of spot-forming units were detected significantly above the nopeptide control with the E6 29-38 10-mer, followed in order by E6 26-40 15-mer, E6 30-38 9-mer, E6 30-37 8-mer, E6 29-36 8-mer, E6 28-37 10-mer, and PHA. In order to define the minimal and optimal peptide, the ELISPOT assay was repeated using the 11-mers surrounding the E6 29-38 10-mer (Fig. 2b) . The highest number of spot forming units were detected with the E6 29-38 10-mer with all three clones tested in Fig. 2b . To further support the conclusion that the minimal and optimal epitope is the E6 29-38 10-mer peptide, serial dilutions of the E6 29-38 10-mer, E6 30-38 9-mer, and E6 30-37 8-mer were performed with clones #40-7 and # 59-7 (Fig. 2c) . The results were consistent with the notion that the E6 29-38 10-mer is the minimal and optimal peptide.
The subdominant epitope from subject 7 was also characterized. In addition to seven 9-mers, two 8-mers, two 10-mers, and two 11-mers were examined (Fig. 2d) . None of the 9-mers was positive, and E6 52-61 had the largest number of spotforming units for clones #15-7 and #41-7. For clones #54-7 and #86-7, a larger number of spot-forming units was demonstrated with the E6 51-61 11-mer peptide among peptides examined. The dilutional analysis of the peptides has shown that the E6 52-61 10-mer peptide and the E6 51-61 11-mer peptide have similar patterns (#41-7 and #86-7). The representative graph for clone #86-7 is shown in Fig. 2e . Therefore, the minimal peptide between the two similarly optimal peptides for subject 7's subdominant epitope appears to be the E6 52-61 10-mer.
For subject 15, seven clones (#15-15, #27-15, #29-15, #34-15, #37-15, #68-15, and #77-15) were tested using seven 9-mer peptides (Fig. 3a) . All clones were most strongly positive with E6 29-37 among the 9-mer peptides. To define the shortest and optimal sequence of this epitope, two 8-mer peptides within E6 29-37 and two 10-mer peptides surrounding E6 29-37 were tested (#15-15, #29-15, #34-15, and #37-15; Fig. 3b) .
29-37 9-mer was the optimal peptide, these two peptides and the E6 29-36 8-mer peptide were serially diluted and retested. The E6 29-37 9-mer was positive over a wider range of dilutions compared to either one of the 8-mers for four clones tested (#15-15, #29-15, #34-15, and #37-15). A representative graph for clone #15-15 is shown in Fig. 3c . These results suggest that the shortest and optimal peptide is the E6 29-37 9-mer. (Fig. 4a and b) . Therefore, a single epitope appeared to be present in an area of overlap of the E6 26-40 and E6 31-45 regions. The three clones were also tested with two 7-mers, two 8-mers, two 9-mers, and one 10-mer (Fig. 4c) . Less spot-forming units were seen with the E6 31-37 7-mer, E6 32-38 7-mer, and E6 30-37 8-mer, but those with the E6 31-38 8-mer, E6 30-38 9-mer, E6 31-39 9-mer, and E6 30-39 10-mer were similar. Serial dilutions of the peptides were performed to compare the E6 30-39 10-mer, E6 30-38 9-mer, and E6 31-39 9-mer for clone #138-20 (data not shown) and to compare the E6 30-39 10-mer, E6 30-38 9-mer, and E6 31-38 8-mer for clones #60-20 and #138-20 (Fig. 4d) . The E6 30-38 9-mer peptide seems to have better affinity compared to the E6 31-39 9-mer (data not shown). Those of the E6 31-38 (8-mer), E6 30-38 (9-mer), and E6 30-39 (10-mer) appear to be similar (Fig. 4d) . Therefore, the shortest of these three peptides, E6 31-38 (8-mer), appears to be the minimal peptide among equally optimal peptides for subject 20's dominant epitope.
The two T-cell clones from subject 5 (#1-5 and #17-5) which were positive with the E6 141-155 15-mer peptide were tested with seven overlapping 9-mers within this peptide along with three 11-mers (E6 142-152, E6 143-153, and E6 144-154). None of the 9-mers or 11-mers was positive by ELISPOT assay although the positivity to the E6 141-155 peptide was confirmed by ELISPOT assay with both clones (data not shown). This epitope was not characterized any further since it does not appear to be endogenously processed.
Restriction element of the CD8 T-cell epitopes. Allogeneic LCLs sharing one or a few HLA class I molecules with each subject were used to determine the restriction element using ELISPOT assays (data not shown). None of the allogeneic LCLs appear to be positive for the E6 29-38 epitope (#12-7, #40-7, #45-7, and #59-7) (data not shown), an HLA-B35 matched allogeneic LCL appeared to be positive for the E6 52-61 epitope (#15-7, #41-7, #54-7, and #86-7) (data not shown), an HLA-B48 matched allogeneic LCL appeared to be positive for the E6 29-37 epitope (#15-15, #27-15, #29-15, #34-15, and #37-15) (data not shown), and an HLA-B4002 matched allogeneic LCL appeared to be positive for the E6 31-38 epitope (#60-20 and #138-20) (data not shown).
For subject 7's E6 29-38 epitope, HLA-A0201 matched LCLs demonstrated cytotoxicity but the level of lysis was noticeably less than that with the HLA-A0201-positive autologous LCL (clones #40-7 and #59-7; Fig. 5a ). This does not seem to be due to the difference in the lysability of these EBV LCLs since an EBV LCL positive for HLA-A2, -B35, and -B57 also showed less cytotoxicity with the E6 29-37 (A0201-restricted) T-cell clone (#59-7) compared to that with the E6 52-61 (B35-restricted) T-cell clone (#86-7) and E6 52-61 (B57-restricted) T-cell clone (26) (data not shown). For subject 7's E6 52-61 epitope, the chromium release showed cytotoxicity with three HLA-B35 matched allogeneic LCLs (clones #41-7 and #86-7) but the level of lysis was lower for one of the allogeneic LCLs compared to other LCLs and the autologous LCL (Fig. 5b) . It is possible that this allogeneic LCL may express a different allele of B35 compared to the autologous LCL. Similarly, the chromium release assay was able to confirm that HLA-B48 was the restriction molecule for the E6 29-37 epitope (#34-15 and #37-15; Fig. 5c ) and that HLA-B4002 was the restriction molecule for the E6 31-38 epitope (#60-20, #127-20, and #138-20; Fig. 5d ). The clones #34-15 and #37-15, specific for the E6 29-37 epitope, were also tested with another B48-restricted HPV epitope (E7 7-15 [26] ) using the autologous LCL and two allogeneic LCLs expressing B48. No cytotoxicity was observed, underscoring the specificity of the T-cell clones (data not shown).
The surface phenotype of all but one of the T-cell clones was CD3 ϩ CD4 Ϫ CD8 ϩ CD16 Ϫ (#12-7, #17-7, #25-7, #38-7, #40-7, #45-7, #59-7, #62-7, #65-7, #83-7, #3-7, #15-7, #20-7, #41-7, #54-7, #86- (29) . Taken together with a previously described dominant epitope by our group (E6 52-61, restricted by B57) (26) , the CD8 T-cell epitopes demonstrate a striking HLA class I binding promiscuity Ϫ5 M to 10 Ϫ10 M, confirmed the optimal peptide of minimum length to be the E6 29-37 9-mer peptide. The experiment was done in triplicates, and the graph of one representative clone (#15-15) out of four clones tested is shown. (Fig. 6) . We also identified another example of the HLA class I binding promiscuity in the HPV 16 E7 protein among previously published works (19, 26, 31) (Fig. 6) . Although this kind of promiscuity has been previously described for human immunodeficiency virus (6, 14, 24, 44) , these are the first such examples reported for HPV to our knowledge. It may have been underrecognized for local infections such as those caused by HPV due to technical difficulties in performing fine epitope mapping because of low frequencies of circulating T cells. The finding of HLA class I promiscuity may have significant implications for the development of vaccine and immunotherapies, since the same peptides derived from viral sequences may be used for people with different HLA types.
Why would the immune system utilize multiple HLA molecules to present the same viral peptide antigen? After all, it is believed that an extensively polymorphic major histocompatibility complex (MHC) has evolved due to the selective advantages of being able to present epitopes by rare MHC types in instances in which pathogens have adapted to common MHC types (39) . It may be that presenting the same viral peptide by multiple HLA types has similar evolutionary advantages to presenting multiple different viral peptides by multiple HLA types with the benefit of superior efficiency in terms of the work required by the host cells to process the peptide epitopes. It is, however, surprising that the same viral peptide such as the HPV 16 E6 29-38 peptide can be bound by the HLA-A0201, -B48, and -B61 molecules since they do not belong to a known HLA supertype.
Considerable effort has been made to identify antigenic epitopes of HPV using both mouse model systems and human systems (11, 12, (33) (34) (35) . Kast and coauthors (19) identified potential cytotoxic T-lymphocyte (CTL) epitopes of HPV 16 E6 and E7 proteins for five common HLA types by measuring the binding of each of 150 nonamer peptides using purified HLA molecules and radiolabeled peptides. The immunogenicity of nine of these potential antigenic epitopes for HLA-A0201 was tested. (45) and in cancer patients (2, 10, 45) . One of the CD8 T-cell epitopes we described is the E6 29-38 epitope, restricted by the HLA-A0201 molecule. Although this epitope was described previously, we believe this is the first time the dominant presence of CD8 T cells with the specificity to this epitope was demonstrated in a woman whose HPV 16 infection has become undetectable. A different approach for identifying antigenic epitopes of HPV 16 E6 and E7 proteins was taken by Bourgault Villada and colleagues (4) .
Overlapping peptides of these proteins to stimulate PBMC from a healthy donor and binding assays to find candidate epitopes were used to identify two HLA-B18 epitopes, E6 80-88 (ISEYRHYCY) and E7 44-52 (QAEPDRAHY). E6 80-88 was also shown to be an endogenously processed epitope, which can be recognized by T cells from a patient with high-grade SIL. An attractive approach for defining new CD8 T-cell epitopes is to predict their presence based on motifs known to be involved in HLA class I binding, TAP transport, and/or proteasomal cleavage using computer programs, with hopes of minimizing experimental efforts (22, 30, 40) . However, it is possible to miss some epitopes using this approach since the presence of only two of five HPV 16 E6 epitopes we A key feature of our approach is the identification of potential CD8 T-cell epitopes based on the magnitude of the T-cell response, with hopes of characterizing those with the best level of protection against the pathogen (16) . We were successful in isolating T-cell clones of six of the seven positive peptide pools on the basis of IFN-␥ secretion using a commercially available magnetic bead system. Furthermore, most of the CD8 T-cell epitopes were shown to be endogenously processed. However, the T-cell clones isolated from subject 5 (#1-5 and #17-5) recognized only the E6 141-155 15-mer peptide-pulsed target and not the E6-vac-infected ones. Given that none of the 9-mers and the 11-mers within the E6 141-155 region was recognized, these T-cell clones may be detecting a three-diminsional structure formed by the E6 141-155 15-mer peptide which mimics some other antigen (i.e., mimotope).
We have demonstrated the endogenous processing of the newly described epitopes using autologous EBV LCLs infected with a recombinant vaccinia virus expressing the HPV 16 E6 protein. It has also been shown that the E6 52-61 epitope restricted by the HLA-B57 molecule is expressed by a primary tumor cell line derived from an HPV 16-positive, HLA-B57-positive cervical cancer patient using a chromium release assay and IFN-␥ ELISPOT assay (21) . Similarly, the expression of the E6 29-38 epitope restricted by the HLA-A0201 molecule and the E6 52-61 epitope restricted by the HLA-B35 molecule by the same primary tumor cell line has also be shown (the patient also happened to be HLA-A0201 and -B35 positive [K. H. Kim and M. Nakagawa, unpublished data]). Although these T-cell epitopes appear to be expressed by tumor cells, it is not clear whether they can be used as targets of cancer immunotherapy because of the small magnitude of recognition (21) .
Since the T-cell clones isolated in our study came from women who were able to clear their HPV 16 infections, it is tempting to speculate that they had a role in viral clearance. However, the women were studied only at one time point (i.e., after clearance), and T-cell responses in women who were not able to clear their HPV 16 infections were not studied at the same time. A comparison of responses between women who were able to clear their HPV 16 infections and whose HPV 16 infections persisted may be able to elucidate the significant role of the CD8 T-cell epitopes.
During the past decade, numerous HPV prophylactic and therapeutic vaccine candidates have been evaluated in preclinical and clinical trials. Prophylactic vaccines based on HPV virus-like particles (VLP) have shown remarkable efficacy. The combined incidence of persistent infection or diseases (associated with HPV 6, 11, 16, and 18) was reduced by 90% (P Ͻ 0.0001) in the vaccinated group compared to placebo by the quadrivalent vaccine developed by Merck (43) . However, such protection has been shown only for HPV-naive individuals, and therapeutic vaccines are needed for those who have already been exposed to HPV. A number of different types of therapeutic vaccines are currently in development. They include vaccines based on peptides (25) , recombinant fusion proteins (8, 15) , recombinant vaccinia viruses (1, 3, 5, 20) , DNA (42) , and dendritic cells (13) . A spectrum of end points may be used to evaluate the efficacy of therapeutic vaccines, including eradication of HPV infection, prevention of SIL in HPV-infected individuals, regression of SIL, and prevention of recurrence of SIL and cervical cancer after conventional treatments. Many phase I or phase II clinical trials have used regression of SIL as end points while concurrently monitoring safety and immunogenicity (1, 3, 8, 15, 17, 20, 25) . While virtually all clinical trials have demonstrated candidate vaccine safety, immunogenicity and clinical responses have been less consistent. Two HPV 16 E7 peptides (E7 12-20 and E7 86-93) were administered with incomplete Freund's adjuvant to patients with high-grade SIL or vulvar intraepithelial neoplasia (VIN) (25) . Safety was demonstrated, and 10 of 16 (63%) subjects tested showed an increase in HPV E7-specific IFN-␥ secretion, but only 3 of 18 (17%) subjects showed regression of their dysplasia after vaccination. TA-HPV, developed by Xenova Research, is a recombinant vaccinia virus expressing modified HPV 16/18 E6 and E7 proteins (5) . Safety was demonstrated; however, measurable CTL responses were shown in 1 of 3 (33%) evaluable patients with advanced cervical cancer, 3 of 12 (25%) cervical intraepithelial neoplasia 3 (CIN 3) subjects, and 4 of 29 (14%) patients with early invasive cervical cancer (1, 3, 20) . TA-CIN is a recombinant HPV 16 L2E6E7 fusion protein. Safety was demonstrated in healthy volunteers (9) and in patients with VIN who were previously vaccinated with TA-HPV (8). However, induction of HPV-specific cell-mediated immunity showed mixed results: T-cell proliferative responses to the fusion protein were demonstrated in all VIN patients tested, but IFN-␥ ELISPOT assays using E7 peptides were negative for all subjects tested (8) . Another version of fusion protein, HPV 16 E6E7, was administered with ISCOMATRIX adjuvant for patients with CIN (15) . Safety was demonstrated, and antigen-specific IFN-␥ secretion was shown in 10 of 24 (42%) patients tested after vaccination. A recently published clinical trial has shown promising clinical responses: MVA E2 recombinant vaccinia virus was evaluated in a phase II clinical trial and was used to treat high-grade lesions (CIN 2 and CIN 3) (17). Fifty-four participants were treated with this vaccine can- 
